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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

FBEZ-FLZGHT TESTS OF 45' S'kJE?" hi?GS OF ASTECT 

RA-TI0 3 .l5 AND TAPER RATIO 0.54 TO MEASURE WING DAMPING 

OF THE FIRST BENDING MODE AND TO INVESTIGATE TKE 

POSSIBILITY OF F'LUITER AT TRANSONIC SPEEDS 

By Burke R .  O'Kelly, Reginald R .  Lundstrom, 
and W i l l i a m  T .  Lauten, Jr . 

Free-fl ight t e s t s  have been made on two pairs  of wings of aspect 
r a t i o  3.15, taper r a t i o  0.54, and 45' sweepback i n  the transonic speed 
range t o  measure wing damping and t o  investigate the poss ib i l i t y  of f l u t t e r  
The f i r s t  bending and tors ional  frequencies fo r  the f i r s t  model were 37 
and 148 cycles per second and the corresponding values f o r  the second 
model were 31 and I22 cycles per second. "he mass r a t i o  of the wings w a s  
s i m i l a r  t o  t h a t  of current fighter-type w i n g s  a t  about 30,000 feet .  
F lu t te r  did not occur during e i ther  f l igh t .  The m a x i m u m  Mach number of 
the f i rs t  model was 1-70 and f o r  the second model the m a x i m u m  Mach n u -  
ber was 1.39. One pa i r  of wings w a s  equipped with small devices t o  exc i te  
the bending mode of the wings and the to t a l  damping w a s  measured from the  
resul t ing osc i l la t ions .  

The wing-exciting technique as ut i l ized is  useful in  f l u t t e r  work 
especially i n  tha t  information can be obtained on f l u t t e r  suscept ib i l i ty  
even though f l u t t e r  does not occur. 

INTRODUCTION 

Free-flight t e s t s  at zero l i f t  a t  transonic speeds have been con- 
ducted by the Langley Laboratory t o  determine the wing-damping character- 
i s t i c s  and t o  investigate the possibi l i ty  of f l u t t e r  of these wings. 
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I n  order t o  study the tendency t o  f l u t t e r  of this  low-aspect-ratio 
swept wing, devices were ins ta l led  i n  the w i n g s  of one of the models t o  
excite a'free vibration of the wing primarily i n  the first bending mode 
i n  order t o  measure the t o t a l  damping present a t  various t i m e s  during 
the f l i g h t .  
of safety i f  f l u t t e r  does not occur. The experimental damping values 
a re  compared with damping values obtained from theory and provide a more 
comprehensive basis  f o r  correlation than merely comparing calculated and 
experimental f l u t t e r  speeds. 

The technique provides a means for  determining the margin 

The method of determining damping a t  various airspeeds by vibrating 
EL wing and measuring the rate of decay of the  vibration has been used 
previously i n  wind tunnels. The problems 
encountered i n  applying this technique t o  rocket-powered free-f l ight  
models are development of a device which w i l l  i n i t i a t e  the vibration and 
obtaining a proper measure of the  wing damping. 

(For example, see ref. 1. ) 

SYMBOLS 

aspect r a t i o  of one exposed wing panel, t2 
*P Area of one exposed panel 

a nondimensional location of e l a s t i c  axis  of w i n g  section measured 

from midchord, posi t ive rearward, - 1 
b 

a + nondimensional location of center of gravity of w i n g  section 

measured from midchord, posi t ive rearward, - 1 
b 

b 

C 

6 

E1 

f 

Q 

G J  

semichord of t e s t  wing normal t o  quarter-chord l ine ,  f t  

l oca l  w i n g  chord measured i n  free-stream direct ion,  i n .  

logarithmic decrement, E 1 Amplitude a t  0 cycles 
loge Amplitude a t  n cycles 

bending s t i f fness ,  lb-in.  2 

frequency , cps 

t o t a l  damping coeff ic ient ,  6/fi 

tors ional  s t i f fnes s ,  lb-in.  2 



IP 

polar mass moment of i ne r t i a  about e l a s t i c  axis per un i t  length, 
f t  -1b-sec2/ft 

polar mass moment of i ne r t i a  about center of gravi ty  per un i t  
length, f t -lb-secz/f t 

2 

A 

h taper  r a t i o  of exposed wing panel, ct/cr 

M Mach number 

exposed semispan of wing normal t o  model center l ine ,  in .  

sweepback a t  qmrter-chord line, deg 

m 

CI mass r a t io ,  m/Spb2 

P atmospheric density, slugs/cu f t  

ra* 

mass of wing per un i t  length, slugs/ft  

square of nondimensional radius of F r a t i o n  ahout e l a s t i c  
axis, Idmb2 

S 

t 

t / c  a i r f o i l  thickness r a t i o  

v velocity,  f ps  

wing area including body intercept, sq f t  

f l i g h t  time from launching, sec 

distance of center of gravity of wing section behind leading 
edge normal t o  quarter-chord l ine,  f t  

%3 

Xea distance of e l a s t i c  axis of wing sect ion behind leading edge 
normal t o  quarter-chord l ine ,  f t  

Subscripts : 

r root  

t t i p  

h l  f i r s t  bending 

h2 second bending 

a1 f i rs t  tors ion (uncoupled) about e l a s t i c  axis 
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APPARATUS AND METHODS 

Models 

The models used i n  these tests (except f o r  the t e s t  wings) were of 
the same type as those described i n  reference 2; the launching technique 
w a s  also the same. The booster rockets used were such that the range of 
low acceleration of the models alone would be from approximately 
t o  M = 1.5. 
figure 1, and a photograph of a model i s  shown as figure 2 .  

M = 0.9 
A sketch of the general model configuration is  shown i n  

Wings 

The exposed wing panels, which were made of laminated spruce, were 
swept back 43' a t  the 25-percent-chord l i n e  and had modified NACA 0009 
a i r f o i l  sections at  the roots and modified NACA 0007 a i r f o i l  sections 
a t  the t i p s .  
the  aspect r a t i o  of the wings including the area projected into the 
fuselage w a s  3.15. 
and the tors ional  frequency was about 135, averaged fo r  the four t e s t  
wings. The mass r a t i o  p a t  sea l eve l  w a s  s i m i l a r  t o  t ha t  of current 
fighter-type wings a t  about 30,000 f e e t .  

Each exposed wing panel had a taper r a t i o  of 0.54, and 

The bending frequency was about 34 cycles per second 

Table I l is ts  the s t ruc tu ra l  properties of the two pa i rs  of model 
wings. The frequencies l i s t e d  were measured f o r  each wing mounted 
independently and were checked a f t e r  mounting the w i n g s  i n  the t e s t  
vehicle. St i f fness  and mass and ine r t i a  dis t r ibut ions along the quarter- 
chord l i n e  a re  presented i n  figures 3 and 4. 

The tors ional  s t i f fnes s  G J  was determined experimentally by applying 
known moments t o  the w i n g  t i p  and measuring the t w i s t  a t  various span- 
wise s ta t ions .  The beriding s t i f fnes s  E 1  w a s  measured by applying loads 
t o  the w i n g  t i p  and measuring the slope of the def lect ion curve a t  var i -  
ous spanwise s ta t ions .  The differences i n  E1 and G J  f o r  the four 
t e s t  wing panels were negligible.  The mass and i n e r t i a  parameters were 
calculated from measured wing densi t ies .  Variation of the elastic-axis 
posit ion along the span as determined with the wings ins ta l led  i n  the 
model is presented i n  tab le  11. Since a swept wing has no e l a s t i c  axis 
i n  the commonly accepted sense, the values given a re  the  chordwise 
locations where a point load may be applied normal t o  the plane of the 
w i n g  without causing ro ta t ion  of the loaded s t a t ion  i n  a plane normal t o  
the  quarter-chord l i ne .  



Wing Exciters 

The second of the two models had a device called an exci ter  ins ta l led  
a t  the point of mxbum thickness near the t i p  of each w i n g  ( f i g .  1) t o  
cause the w i n g s  t o  vibrate  primarily i n  free bending since calculations 
had indicated t h i s  t o  be the c r i t i c a l  mode. Photographs of the ins ta l -  
l a t i on  m y  be seen i n  figure >, and a sectional drawing showing the 
d i f fe ren t  par t s  is presented i n  f igure 6. 

Each barrel-c'namber block, which was made of s t ee l ,  contained three 
barrels  of 0.309-inch diameter. A lead slug w a s  forced in to  each ba r re l  
t o  a depth of 0.25 inch z ~ d  f i led sff sixoth. 
shim stock 0.0015 inch thick w a s  held over the ends of the  slugs by an 
aluminum-alloy mounting p la te .  This shim stock served as a rupture disk 
and prevented the slug frcm leaving the ba r re l  u n t i l  the  chamber pressure 
reached about TOO lb/sq in .  
0.1 pound-second and the t i m e  for  the slug t o  leave the ba r re l  w a s  about; 
0.002 second. 

A piece of 'nard brass 

The t o t a l  impulse was  on the order of 

Each ign i te r  holder contained a small e l e c t r i c  ign i te r  and aboat 
0.5 gram of fast-burning f ine  black powder and w a s  covered with s disk 
of cellspkme tape t o  keep the powder from sp i l l i ng  out. 

The ign i t e r  leads were connected to a f i r i n g  u n i t  which w a s  a ro ta ry  
switch driven by a small e l ec t r i c  motor. 
switch which closed a t  booster separation. 
and wired i n  such a way t h a t  the  six exciter un i t s  began t o  f i r e  i n  
a l te rna te  wings about 1 second a f t e r  booster separation and at half-second 
intervals  thereaf ter .  I n  t h i s  way, most of the low-acceleration t e s t  
range between booster separation and maximum veloci ty  w a s  u t i l i zed .  

This motor w a s  energized by a 
The firing unit w a s  preset  

"he weight of each barrel-chamber block with ign i te r  holders was 
0.25 pound , not including the lead slugs which weighed about 0.011 pound 
each. "he w n e d  c z t  sl~t sf cazh vir4 f o r  i i is ta i ia i ion of tne exci ter  un i t  
weighed about 0.04 pound. 

Instrumentation 

An eight-channel telemeter was instal led i n  each model which t rans-  
mitted continuous readings frombending and tors ion s t r a i n  gages on each 
wing, angle-of-attack indicator,  total-pressure pick-up, and normal and 
longitudinal accelerometers located near the model center of gravity. 
The s t r a i n  gages were located on the wing so t h a t  the bending gages were 
prac t ica l ly  insensit ive t o  tors ional  s t ra in ,  but  the  tors ion gages could 
not be made insensit ive t o  bending s t r a i n .  A spinsonde receiver, picking 
up the s igna l  from the telemeter antenna on the model, furnished rate-of- 
r o l l  information whereas the  velocity of the model w a s  obtained from 
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information given by a CW Doppler radar set. The posit ion of the models 
i n  space was determined from data obtained from a pulse-type tracking 
radar. Atmospheric conditions prevail ing at  the t i m e s  of the  f l i g h t s  of 
the  models were recorded by radiosonde. The models were launched a t  the 
Langley Pi lo t less  Aircraf t  Research Stat ion a t  Wallops Island, Va. 

RFSULTS AND DISCUSSION 

Flight-Test Results 

Model 1 reached a maximum Mach number of 1.50 a t  near-zero l i f t  with 
no vibrations being v i s ib l e  on the  wing strain-gage t races .  A t i m e  his-  
t o r y  of the  f l i g h t  showing velocity, Mach number, and air  density may be 
seen i n  f igure 7(a). 

Model 2 reached a maximum Mach number of 1.39 a t  near-zero l i f t  and 
a l so  had no vibrations on the wing strain-gage t races  except those caused 
by the  exciters deflecting the wings. 
showing velocity, Mach number, and a i r  density is shown as figure 7(b).  
The exciters and the timing unit performed sa t i s f ac to r i ly  and i n i t i a t e d  
wing vibrations a t  Mach numbers of 0.93, 1.01, 1.09, 1.16, 1.21, and 1.29. 

A t i m e  h is tory of the  f l i g h t  

Analysis and Discussion 

A portion of the telemeter record of the second model, showing 
typ ica l  wing osci l la t ions when one of the exc i te r  units f i red ,  i s  presented 
i n  figure 8. 
vibrate  but some of the  energy is  absorbed by the opposite wing so  t h a t  
it a lso  vibrates.  The r a t e  of decay of the  osc i l la t ions  i n  the  excited 
wing depends not only upon the damping present but a l so  upon the r a t e  a t  
which energy is absorbed by the  opposite wing. The w i n g  a t  the  peak of 
i t s  deflection (bending) following exci ter  f i r i n g  posessed a cer ta in  
amount of po ten t ia l  energy equal t o  Ky2/2 where K is the spring con- 
s t a n t  (pounds per inch deflection a t  a cer ta in  point on the  wing) and y 
i s  the  actual deflection of the given point. 
followed, the  energy w a s  transformed back and f o r t h  between k ine t ic  and 
potent ia l  energy. 
peaks, the t o t a l  energy a t  a given t i m e  i s  Ky12/2 where y1 is  the  
distance out t o  the  envelope curve a t  that time and the  difference between 
the  energy a t  two such times is  the  energy l o s t  i n  damping. If, however, 
as i n  t h i s  case, some of the energy w a s  used t o  vibrate  the opposite wing 
(which also possessed damping) t h i s  energy must a l so  be accounted fo r .  
By fair ing an envelope curve through the peaks of the  opposite wing motions, 
i t s  change in energy over a given period of t i m e  may a l so  be determined. 

As m y  be seen i n  f igure 8, not only does the disturbed wing 

During the vibrations which 

If an envelope curve is  drawn through the vibration 



Since the two w i n g s  had pract ical ly  identical  properties such as spring 
constant, natural  frequency, s t ruc tura l  damping, and so for th ,  and 
presumably the same load dis t r ibut ion,  the excited wing should have had 
the same aerodynamic damping characterist ics as the opposite wing. 
fore,  the  difference between the sum of the energies of the  two wings a t  
one t i m e  and the sum of the energies a t  another time is  the  energy l o s t  
in  t o t a l  d a p i a g  ever tbt time. Tne data were reduced by first adjusting 
the l e f t  wing t race  of f igure 8 so  that it had the same number of inches 
displacement on the record per inch wing deflection 8s did the  r igh t  w i n g .  
The t r i r n  lices w c r e  thcn determined ana envelope curves fa i red  in.  
Composite envelope curves were then constructed by taking the  square root 
of the sum of the squares of distances f r c m  t h e  i ~ & i V l & i i 1  wi i ig  enveiope 
curves t o  the trim l ine.  
o sc i l l a t ion  w a s  found i n  the usual manner and the t o t a l  damping coeffi-  
c ien t  g w a s  then computed f romthe  relation 

There- 

The logarithmic decrement of t h i s  resul tant  

where 6 i s  the logarithmic decrement of the decaying osc i l la t ion .  
Val-. U C ~  - - 
pulses axid a re  plot ted as a function of Mach number i n  figure 9. 
coefficient i s  a t o t a l  damping coefficient including both aerodynmic 
and s t ruc tu ra l  damping of the w i n g s .  
believed t o  be a result of poor adjustment made so that the left-wing 
t race  would have the same sens i t i v i ty  on the  record as the right-wing 
t race.  
bration. The adjustment fac tor  used was the fac tor  necessary t o  give 
equal displacements on the record f o r  the bending gages on each wing 
when the model w a s  disturbed after booster separation. This condition, 
of course, assumes that the w i n g  loading is symmetrical over t h i s  C a l i -  

brat ion period, which i s  not necessarily t rue.  
that, i f  t h i s  adjustment factor  were h ~ z ; t  3 G  percent h w e r ,  the damping 
points would f a l l  on a smooth curve. Shown a l so  i n  f igure 9 i s  a p lo t  
of the frequency of the wing osc i l la t ion  i n  f l i g h t  as a function of Mach 
number. 

of the damping coeff ic ient  were found fo r  each of the  s i x  separate 
This 

The sca t t e r  of the  points is  

The s t r a i n  gages had obviously changed from the  or ig ina l  C a l i -  

It might be mentioned 

I n  order t ha t  a comparison might be made between the r e su l t s  of the 
present t e s t  and other experimental data and theory, the  damping curve 
of f igure 9 is  replotted i n  f igure 10 with the Mach number range extending 
back t o  zero i n  order t o  show values of s t ruc tura l  damping. The value 
of s t ruc tu ra l  damping f o r  the wings of the present t e s t  w a s  obtained 
from vibration t e s t s  i n  s t i l l  air  on the ground. 
t e s t s  as i n  the f l i g h t  t e s t s ,  when one wing w a s  disturbed, the opposite 
wing also vibrated. I n  the case of the ground t e s t s ,  the  model support 
may a l so  have vibrated and contributed t o  the damping. P a s t  experience 
with wooden wings, however, indicates that  the determined value shown 
is of the  proper order of magnitude. 

D u r i n g  these ground 
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The other curve i n  f igure 10 is a theoret ical  curve obtained from 

the results of calculations of damping made on the f l igh t - tes ted  wings 
fo r  model 2 by using the simplified f l u t t e r  theory of reference 3 .  
calculations were determined from a s t r i p  analysis based on a two- 
dimensional unsteady compressible-flow theory and u t i l i z e  a method of 
f l u t t e r  analysis which includes the effects  of sweep and mode shape but 
not of f i n i t e  span. The modes used were wing f irst  bending and wing 
f irst  torsion. 
were extremely small and it i s  f e l t  that they had negligible e f fec ts  on 
the resul ts .  
f o r  normal-flow Mach numbers of 0, 0.5, and 0.7. The damping w a s  deter-  
mined for  the branch of the f l u t t e r  solution which gave the lowest value 
of f l u t t e r  speed. I n  order t o  determine that there w a s  no sudden change 
i n  the mode of osci l la t ion,  the value of the frequency w a s  a l so  obtained 
from the calculations. This frequency varied from a minimum value of 
33 cycles per second t o  a maximum value of 57 cycles per second f o r  the 
data calculated f o r  the three Mach numbers. These values compare favor- 
ably with those obtained i n  the f l i g h t  t e s t .  
f igure 10 is a composite curve of the resu l t s  obtained from the  three 
cases calculated. 
converted t o  free-stream values for  plot t ing purposes. 

These 

The model instrumentation showed that the body motions 

Calculations were made 3y using aerodynamic coefficients 

The theore t ica l  curve i n  

In  f igure 10, the normal-flow Mach numbers have been 

It should be noted tha t  there a re  differences between the  physical 
aspects of the wing and the simplifying assumptions of the theory. 
Probably, the  primary difference i s  i n  the two-dimensional flow of the  
theory (each s t r i p  of wing acted on by two-dimensional flow) and the 
three-dimensional flow t o  which the wing is actual ly  subjected. 
more, the theory assumes a wake which is  harmonically dis t r ibuted over 
an inf in i te  distance behind the wing whereas f o r  t h i s  experiment the 
wing s t a r t s  i t s  second cycle of osc i l la t ion  (a t  
from the beginning of the  f irst  osc i l la t ion  is approximately 50 chord 
lengths behind the w i n g .  
la ted from the theory i s  t h a t  value (with opposite sign) which would allow 
an osci l la t ion t o  be sustained a t  a constant amplitude, whereas the 
experimental damping values are obtained from a decrease i n  the amplitude 
of the osci l la t ion.  It is  f e l t  that these differences, par t icu lar ly  the 
finite-span effect ,  are suf f ic ien t  t o  cause the theory t o  yield d i f fe ren t  
answers f o r  f l u t t e r  speed and damping than w e r e  obtained experimentally. 

Further. 

M = 1.0) when the wake 

A th i rd  difference i s  t h a t  the damping calcu- 

Although, over a large speed range, the calculations yield a value 
of damping approximately double t h a t  of the experimental resu l t s ,  the  
decrease i n  the calculated damping values i s  much more marked i n  the 
transonic range. Calculated damping values above a free-stream Mach num- 
ber of 1.0 a re  not presented because compressible coefficients f o r  t h i s  
wing were not available between free-stream Mach numbers of 1.0 and 1.41. 
Calculations a t  yielded no solution and indicated tha t  there 
w a s  no f l u t t e r  a t  supersonic speeds. If incompressible coefficients a r e  
used, a f l u t t e r  speed corresponding t o  

M = 1.41 

M = 1 .21  is obtained as shown 



i n  figure 10. T h i s  estimate of f l u t t e r  speed i s  a conservative one since 
the f i r s t  wings tes ted  flew t o  M = 1.5 and the second p a i r  flew t o  
M = 1.39 without encountering f l u t t e r .  

CONCLUSIONS 

rings of 4 5 O  sweepback, aspe Two pairs of - - - t r a t i o  3.15, and taper  
r a t i o  0.54 w i t h  first. hending f r eq~enc ie s  ;I; cycles pi-- sjecun6  an^ 
f i rs t  tors iona l  frequencies about 135 cycles per second having a m a s s  
r a t i o  s i m i l a r  t o  t ha t  of current fighter-type wings a t  30!000 feet have 
been tes ted  near zero lift i n  free  f l i g h t  by means of the rocket-powered 
model technique. 

The t o t a l  damping i n  the bending mode w a s  measured on the  w i n g s  of 
one of the models tes ted .  
values over a large portion of the speed range (Mach numbers of 0 t o  1.1) 
but decrease more rapidly t h m t h e  experimental values i n  the higher 
transonic range. 

Theoretical studies yield much higher damping 

Nc! fl?;tter occurred b r i n g  the f l igh ts  cjf e i the r  model, one model 
reaching a Mach number of 1.50 and the ether, a Mach riiinber of 1.39. A 
f l u t t e r  speed obtained from the theoretical  studies by using incompressible 
coefficients proved t o  be conservative. 

The wing-exciting technique as ut i l ized i s  useful  i n  f l u t t e r  work 
especially i n  tha t  information can be obtained on f l u t t e r  suscept ib i l i ty  
even though f l u t t e r  does not occur. 

Langley Aeronautical Laboratory, 
National Advisory Committee for  Aeronautics, 

Langley Field, Va . ,  March 5 ,  1954. 
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Figure 3 . -  Measured distribution of stiffness. 
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